Purpose To quantify early neuroretinal alterations in patients with type 1 diabetes mellitus (T1DM) and to assess whether glycemic variability contributes to alterations in neuroretinal structure or function. Methods Thirty patients with T1DM and 51 controls underwent comprehensive ophthalmic examination and assessment of retinal function or structure with frequency doubling perimetry (FDP), contrast sensitivity, dark adaptation, fundus photography, and optical coherence tomography (OCT). Diabetic participants wore a subcutaneous continuous glucose monitor for 5 days, from which makers of glycemic variability including the low blood glucose index (LGBI) and area under the curve (AUC) for hypoglycemia were derived. Results Sixteen patients had no diabetic retinopathy (DR), and 14 had mild or moderate DR. Log contrast sensitivity for the DM group was significantly reduced (mean ± SD = 1.63 ± 0.06) compared with controls (1.77 ± 0.13, Po0.001). OCT analysis revealed that the inner temporal inner nuclear layer (INL) was thinner in patients with T1DM (34.9 ± 2.8 μm) compared with controls (36.5 ± 2.9 μm) (P = 0.023), although this effect lost statistical significance after application of the Bonferroni correction for multiple comparisons. Both markers of glycemic variability, the AUC for hypoglycemia (R = − 0.458, P = 0.006) and LGBI (R = − 0.473, P = 0.004), were negatively correlated with inner temporal INL thickness. Conclusions Patients with T1DM and no to moderate DR exhibit alterations in inner retinal structure and function. Increased glycemic variability correlates with retinal thinning on OCT imaging, suggesting that fluctuations in blood glucose may contribute to neurodegeneration.
Introduction
Diabetes mellitus (DM) has reached epidemic proportions in the United States, and with this explosion in the prevalence of DM, there has been a concomitant rise in the incidence of diabetic retinopathy (DR). 1 DR is classically characterized as a microvascular complication of diabetes because of its visible effects on the retinal vasculature (eg microaneurysms, cotton wool spots, and so on), but it is now recognized that diabetes has early, deleterious effects on neuroretinal structure and function. 2 Specifically, measures of neuroretinal function such as microperimetry, 3 frequency doubling perimetry (FDP), [4] [5] [6] [7] and contrast sensitivity 8, 9 reveal reduced retinal sensitivity in patients with diabetes and no to minimal DR compared with controls. Similarly, many studies have demonstrated structural alterations to the retina among patients with diabetes and minimal to no retinopathy, as evidenced by changes in foveal thickness, 3, 10 retinal nerve fiber layer (NFL) thickness, 11, 12 and inner retinal thickness. 13, 14 The damage to retinal structure and function that occurs from DM suggests that retinopathy is part of the systemic sensory neuropathy that affects other nerves during DM.
Understanding the earliest alterations to neuroretinal structure and function in patients with DM is instrumental to detect complications from DM at their earliest stages, which will allow for preventive and effective therapeutic intervention beyond the lowering of hemoglobin A 1c (HbA 1c ). Although pivotal studies in patients with type 1 15 and type 2 DM 16 have demonstrated that the primary and most effective means of preventing diabetes-related complications is through intensive metabolic control, as documented by a lower HbA 1c , recent analyses have called into question whether HbA 1c alone accurately captures all of the risk associated with the development of diabetes-related complications. 17, 18 Increased glucose variability may confer added risk to the development of diabetes complications in addition to the known deleterious effects of chronic hyperglycemia as measured by HbA 1c . [19] [20] [21] [22] For instance, an association between glucose variability and reduced heart rate variability, 23 a sign of cardiac autonomic neuropathy, was recently reported in patients with type 1 diabetes mellitus (T1DM). Glucose variability was also involved in other cardiac parameters such as increased left ventricular mass index. 24 Such relationships between high glucose variability and impaired cardiovascular structure or function suggest that reducing blood glucose variability may have a therapeutic benefit for patients with DM.
Taken together, the existing literature supports the idea that early DR includes a neurodegenerative component and that increased glucose variability may contribute to the development of complications from DM. However, previous studies have generally used a single test and have not provided a comprehensive assessment of retinal function in early DR. We hypothesized that T1DM affects primarily the inner retina. Therefore, we performed several tests of inner and outer retinal structure and function to define threshold effects of T1DM on the retina in a wellcharacterized cohort of subjects with T1DM phenotyped for multiple microvascular complications as part of the clinical trial NCT01170832. 23 Furthermore, to better understand potential risk factors for these changes, we evaluated associations between measures of glucose variability and markers of abnormal retinal structure or function.
Materials and methods
The University of Michigan Institutional Review Board approved this protocol and all participants signed a written consent.
Subjects
We recruited two groups of patients: (1) adults with T1DM group and (2) healthy controls (control group). Inclusion criteria for the T1DM group were: T1DM as defined by the American Diabetes Association diagnostic criteria; 25 duration of DM ≥ 5 years; age 18-65 years old; and best-corrected visual acuity (BCVA) ≥ 20/30 in the study eye. Inclusion criteria for the control group were: absence of DM; age ≥ 18 years old; and BCVA ≥ 20/30 in the study eye. Patients with T1DM were recruited from an ongoing observational study evaluating the natural history of myocardial dysfunction in T1DM and possible effects of glucose variability and were comprehensively phenotyped for other complications (NCT01170832). 23 Exclusion criteria for all subjects included evidence of neuropathy or nephropathy; history of cardiovascular disease (including coronary artery disease, heart failure, arrhythmias, valvular disease, prior stroke, or hypertension); prior kidney, pancreas, or heart transplant; malignancy (with the exception of basal cell carcinoma); neurologic disease; history of substance abuse; presence or history of diabetic macular edema or a pre-existing ocular disease such as glaucoma; and refractive error 4 ± 6.00 diopters (spherical equivalent).
Analysis of retinal function
Each participant underwent a battery of ophthalmic tests and procedures including: refraction with measurement of Early Treatment Diabetic Retinopathy Study (ETDRS) BCVA and a comprehensive ophthalmologic examination; FDP; contrast sensitivity; dark adaptation; OCT measurements of retinal layer thicknesses; and fundus photography. The right eye was used as the study eye, but if the right eye did not meet the inclusion criteria, the left eye was used. A blood sample was obtained from each patient to measure HbA 1c .
The Matrix FDP (Carl Zeiss Meditec, Dublin, CA, USA) was used to measure retinal sensitivity using the 24-2 fullthreshold testing strategy as described by Jackson et al. 4 The Matrix stimulus is a grating of vertically oriented white and black bars, the number of which appears to double when the bars undergo high-frequency counter phase flickering. We tested the non-study eye in each patient first to account for learning differences before testing the study eye. Results from the non-test eye were not used in the final analysis. Contrast sensitivity was assessed monocularly with the Pelli-Robson contrast sensitivity chart (Haag-Streit USA, Mason, OH, USA) at 1 m under standard overhead lighting conditions. Patients were asked to read progressively dimmer triplets of letters until at least two letters in a triplet were incorrectly read. The logarithmic contrast sensitivity score was determined by the preceding triplet of letters. We measured dark adaptation using the AdaptDx dark adaptometer (MacuLogix, Hummelstown, PA, USA) using the protocol described by Jackson et al. 4 Each patient's study eye was exposed at the start of the test to a 2-ms 5.8x10 4 scotopic cd/m 2 sec flash to bleach the photoreceptors. Then, subjects were shown subsequent lights of varying intensity at a point 5°superior to the fovea. The end point was the time required for the patient to consistently report seeing a stimulus intensity of 5 × 10 − 4 cd/m 2 (the rod intercept).
Analysis of retinal structure
The Spectralis optical coherence tomography (OCT) instrument (Heidelberg Engineering, Heidelberg, Germany) was used to obtain a 20°x20°cube scan centered on the fovea (97 sections, 512A-scans in each B-scan, and 3.87 μm axial resolution). Macular cube scans were divided into nine ETDRS areas for further analysis. Briefly, this consisted of three concentric circles of 1, 3, and 6 mm in diameter. The two outermost circles were further subdivided into four quadrants, yielding a total of nine regions to analyze per scan. Within each of these nine areas, we calculated the thickness of the NFL, ganglion cell layer+inner plexiform layer (GCL+IPL), inner nuclear layer (INL), outer plexiform layer+outer nuclear layer (OPL+ONL), inner segment/ outer segment layer (IS/OS), and retinal pigment epithelial layer (RPE). We used Duke Optical Coherence Tomography Retinal Analysis Program (DOCTRAP) software to estimate the upper and lower boundaries of these seven layers 26 using a semiautomatic protocol described in our previous publication. 27 Fundus photographs (seven fields, 30°in each field) were taken of both eyes according to standard ETDRS protocol using the Zeiss FF 450 plus fundus camera (Carl Zeiss Meditec, Dublin, CA, USA). These images were used to grade the DR severity of each eye as none, mild, or moderate. 28 
Analysis of glucose variability
The assessment of glucose variability in this cohort has been described previously by Jaiswal et al. 23 Briefly, the continuous glucose monitoring (CGM) sensor iPro CGM System (Medtronic, Northridge, CA, USA) was used to measure and record subcutaneous glucose readings.
Measurements were obtained at 5-min intervals over a course of 5 days. Several indices of glucose variability were derived including measures of hypoglycemic stress such as the LBGI and area under the curve (AUC) for hypoglycemia (defined as blood glucose o70 mg/dl) as described previously. 29 In cases where CGM data were missing (~5% of data had gaps), the lost values were interpolated based on the adjacent observed values.
Statistical analysis
Data analysis was performed using SPSS Statistics (version 21.0; SPSS Inc., Chicago, IL, USA). Means and standard deviations were calculated for continuous variables, and frequencies and percentages are displayed for categorical variables. Normality was assessed for each variable using the Shapiro-Wilk test. Parametric tests were used to compare normally distributed variables, and nonparametric tests were used to evaluate non-normally distributed variables. Multiple regression analysis was performed to assess the relationship between measures of glucose variability and covariates such as age and results from retinal structure/function testing. The Bonferroni correction for multiple comparisons was applied to the OCT data such that a statistically significant result would occur at a P-value ≤ 0.0056. For all other tests, P ≤ 0.05 was considered statistically significant. 
Results
Participant characteristics are listed in Table 1 . We enrolled 30 patients with T1DM and 23 age-matched controls for functional testing (log contrast sensitivity, FDP, and so on). All of the participants were phakic with minimal to no cataract. Approximately half (53%, n = 16) of the patients with T1DM had no evidence of DR on fundus photography, and the other 47% had mild-tomoderate non-proliferative DR. In addition, OCT data from 28 additional controls were included in the analysis of retinal structure. Table 2 depicts the results of the functional tests. In general, patients with T1DM exhibited reduced inner retinal function compared with controls, with relative preservation of outer retinal function. Specifically, log contrast sensitivity for the T1DM group was significantly reduced (mean ± SD = 1.63 ± 0.06) compared with controls (1.77 ± 0.13, Po0.001). Similarly, the mean deviation of the FDP was impaired in patients with T1DM (−1.34 ± 2.84 dB) relative to controls (0.57 ± 2.49 dB, P = 0.033). The time to dark adaptation, as measured by the rod intercept, was not significantly different between the two groups (P = 0.145), suggesting that photoreceptor/pigmented epithelial complex function was intact.
Retinal function
After stratifying participants with T1DM into two groups (with (n = 16) or without (n = 14) retinopathy), we found abnormalities in tests of inner retinal function among the groups. The mean deviation of the FDP was significantly reduced in patients with DR (−2.77 ± 2.68 dB) compared with both the no DR group (−0.02 ± 2.36 dB) and the control group (0.57 ± 2.49 dB) (P = 0.012). Log contrast sensitivity was similar between the DR (1.63 ± 0.05) and no DR (1.64 ± 0.07) groups, but both were significantly reduced compared with the control group (1.77 ± 0.13) (P = 0.001).
Retinal structure Figure 1 shows the results of the OCT analysis. The main finding is that in several areas of the macula, the INL was consistently thinner among patients with T1DM compared with controls. Specifically, the inner temporal INL was thinner in patients with T1DM (34.9 ± 2.8 μm) compared with controls (36.5 ± 2.9 μm) (P = 0.023), as were the inner nasal INL (37.1 ± 2.9 vs 38.5 ± 2.7 μm, P = 0.044) and inner inferior INL (38.0 ± 3.4 vs 39.6 ± 2.7 μm, P = 0.04). However, after applying the Bonferroni correction for multiple comparisons, we did not find any statistically significant differences between the groups.
After stratifying the patients with T1DM into those with (n = 16) or without (n = 14) retinal vascular lesions, we did not find any statistically significant differences in INL thickness among controls, patients with T1DM and no DR, and those with T1DM and mild-to-moderate DR (P = 0.073 for inner temporal INL, 0.117 for inner nasal INL, and 0.088 for inner inferior INL).
Comparison of retinal structure and function
After controlling for the effects of age using a multiple regression analysis, we found that higher log contrast sensitivity was significantly associated with a thicker (more intact) inner temporal INL value (P = 0.002, β = 0.475, R 2 = 0.224). FDP mean deviation, however, was not found to be predictive of inner temporal INL after controlling for age (P = 0.241).
Glucose variability
We correlated the two metrics of glucose variability (AUC for hypoglycemia and low blood glucose index (LGBI)) with tests of inner retinal function (FDP mean deviation and log contrast sensitivity) and structure (inner temporal INL thickness, as this region was thinnest among patients with diabetes relative to controls). Neither AUC for hypoglycemia nor LGBI were significantly correlated with FDP mean deviation, although there was a trend Inner retinal sensory neuropathy in diabetes MS Stem et al for both AUC (R = 0.297, P = 0.088) and LGBI (R = − 0.312, P = 0.073) to be negatively correlated with log contrast sensitivity. That is, as measures of glucose variability and low blood glucose values increased, patients tended to do more poorly on the log contrast sensitivity test. Regarding retinal structure, both AUC for hypoglycemia (R = − 0.458, P = 0.006) and LGBI (R = − 0.473, P = 0.004) were negatively correlated with inner temporal INL thickness (Figure 2 ). These relationships persisted after adjusting for age and recent HbA 1c values in multiple regression analyses. For AUC hypoglycemia, the R 2 value for the model was 0.264 with a β of − 0.445 and an overall P-value of 0.022. For LGBI, the R 2 value for the model was 0.281 with a β of − 0.472 and an overall P-value of 0.015.
While patients with DR had a slightly higher average recent HbA 1c compared with individuals without DR (8.3 ± 1.2% vs 7.6 ± 0.7%, P = 0.05), there was no difference in either AUC hypoglycemia or LGBI between individuals with and without DR. Similarly, there was no difference in the duration of DM between those with DR (13.2 ± 6.8 years) and individuals without DR (14.6 ± 6.7 years, P = 0.57). Diabetes duration was not significantly correlated with FDP mean deviation, inner temporal INL thickness, or log contrast sensitivity.
Discussion
In this study comparing individuals without diabetes and those with T1DM and minimal to no systemic complications, we found alterations in both retinal structure and function that localize to the inner retina. Notably, the patients with T1DM were extensively phenotyped by an endocrinologist (RP-B) and were overall in excellent health, despite some having subtle evidence of autonomic dysfunction. 23 Matrix FDP sensitivity and log contrast sensitivity were reduced in patients with T1DM compared with controls. In addition, INL thickness was less in patients with DM relative to controls, which correlated with abnormalities seen on functional testing. Finally, markers of increased glucose variability such as LGBI and AUC hypoglycemia were correlated with reduced INL thickness, and this relationship persisted even after accounting for the effects of age and recent HbA 1c measurements. Our finding that individuals with T1DM and moderate to no retinopathy have reduced FDP sensitivity, log contrast sensitivity, and INL thickness on OCT relative to controls supports the notion that diabetes has a predilection for perturbing inner retinal structure and function early in the course of the disease. Dark adaptation, a measure of outer retinal function, was not significantly impaired in the diabetic cohort relative to controls. In a 2012 report, Jackson et al 4 also failed to find a significant impairment in dark adaptation among patients with diabetes relative to controls, although in a subgroup analysis they found that 26% of patients with NPDR exhibited rod intercept times that were outside the normal reference range. 4 However, unlike our cohort comprised mainly of individuals with no to mild DR, they included many more participants with moderate to severe NPDR, which may explain why they found a greater percentage of patients with abnormal dark adaptation times. While we did not find any association with markers of increased glucose variability and neuroretinal dysfunction (as measured by FDP and contrast sensitivity), we did find a relationship between neurodegeneration in the INL of the retina and increased glucose variability, independent of the effects of HbA 1c . To the best of our knowledge, this is the first report demonstrating a potential link between retinal structure and glucose variability.
Importantly, our findings corroborate the results from prior studies that have demonstrated reduced measures of inner retinal function among patients with DM 4, 5, 8 and suggest that FDP sensitivity and/or contrast sensitivity may have potential roles as quantitative measures of neuroretinal dysfunction in patients with DM. Indeed, Scott et al 30 recently used FDP as a clinical trial end point to evaluate the efficacy of doxycycline in preserving retinal sensitivity during diabetes. They found that doxycycline treatment was associated with improved FDP sensitivity at the end of the 24-month trial, although further work is needed to understand the clinical significance of improvements in FDP sensitivity.
Several studies have measured retinal layer thickness in patients with DM with various results. van Dijk and co-workers 13, 14, 31 have consistently found that specific inner retinal layers, namely the ganglion cell, inner plexiform, and INLs, are thinner among patients with DM relative to controls. Similarly, other investigators have found reductions in NFL thickness in patients with DM, especially in the peripapillary area. 11, 12 In comparing total retinal thickness between patients with DM and controls, some studies have found patients with DM to have increased foveal thickness, 3 others have found no difference, [32] [33] [34] and others have found overall thinning of the retina. 35 Despite these disparate results, it appears that most studies, regardless of instrumentation or method of segmentation, can localize retinal thinning to the inner retina when specific macular regions other than the fovea are measured. Although we did not find evidence of ganglion cell or NFL thinning in our cohort, our finding of INL thinning in patients with DM is consistent with a report from other investigators 13 and correlates with the abnormalities we found on functional testing. While our OCT findings did not maintain statistical significance after application of the Bonferroni correction for multiple comparisons, they suggest a trend that merits further investigation with a larger sample size. Our segmentation analysis combined the ganglion cell and inner plexiform layer into a single measurement, whereas van Dijk et al 14 attempted to split these layers into individual measurements. This difference in methodology, combined with our smaller cohort size, may explain our inability to replicate their findings of decreased perifoveal ganglion cell layer thickness in patients with DM.
Although HbA 1c remains the central metric of glucose control and an important prognostic factor for the development of diabetes complications, recent reports have called into question whether HbA 1c alone may predict all individuals at risk for developing complications from diabetes. 17, 20 Fluctuations in blood glucose may have an equally important role in predisposing individuals to the adverse outcomes associated with prolonged diabetes. 22, 23 The emergence of new technology to quantify neuroretinal dysfunction and degeneration may provide an opportunity to test the hypothesis that glucose variability, in addition to sustained hyperglycemia, 36 contributes to end-organ damage from diabetes in the eye. Our finding that thinning of the INL was associated with high glucose variability complements the recent report by Jaiswal et al 23 describing decreased heart rate variability as a result of dysfunction in peripheral autonomic nerves among patients with high levels of glucose variability. Taken together, these and other studies 21, 24 suggest that glucose variability, in addition to the deleterious effects of chronic hyperglycemia, may contribute to end-organ damage in patients with DM.
This was a small, cross-sectional study and thus precludes the drawing of definitive conclusions about the relationship between glucose variability and retinal structure or function. The main strength of the study is that it evaluated an extensively characterized (both in terms of eye health and systemic health) group of participants. Furthermore, to the best of our knowledge, this is the first report that attempts to correlate measures of glucose variability with metrics of retinal structure or function.
The classic notion of DR as a microvascular complication of diabetes has been called into question by accumulating evidence suggesting that neurodegeneration occurs in the diabetic retina. Emerging technologies such as the matrix FDP and spectral domain OCT have in many studies localized early alterations to neuroretinal function and structure to cells of the inner retina. With these quantitative tools, it is easier to assess subtle changes in retinal physiology to better understand what factors contribute most to neuroretinal dysfunction during diabetes. Although the contribution of increased glucose variability to the pathogenesis of diabetic complications remains complex, this and other studies suggest that short-term fluctuations in blood glucose may have a negative impact on end organs that are targeted by diabetes. These negative effects seem to persist even after accounting for the role of HbA 1c , suggesting that glucose variability may have a supplementary role to chronic hyperglycemia in the development of complications from diabetes. As CGM becomes more widespread and the technology for assessing retinal physiology improves, it will be important to continue to evaluate the relationship between blood glucose fluctuations and neuroretinal health.
Summary
What was known before K Diabetes has deleterious effects on neuroretinal health.
What this study adds K Diabetes has a predilection for disrupting inner retinal structure and function.
